INTRODUCTION
Chronic kidney disease (CKD) and end-stage renal disease are associated with substantial healthcare resource use and considerably higher mortality. 1 2 Although some reports suggest a decline in the incidence of CKD, 3 demographic changes together with increasing type 2 diabetes are likely to result in a higher prevalence of CKD. 4 To evaluate the value of therapeutic interventions in this patient group, an assessment of the economic burden related to CKD and end-stage renal disease is necessary, as is an available
Strengths and limitations of this study
▪ In this population-based study, data were collected from routine clinical care to which there is universal access in Sweden. ▪ By linking nationwide healthcare registers using the personal identity number, follow-up on an individual level was virtually complete regarding hospital days, hospital-based outpatient care and dispensed prescription drugs. ▪ Costs related to in-hospital use of erythropoietinstimulating agents for patients on haemodialysis were assessed using records from a smaller patient sample. ▪ Costs related to fluids for patients on peritoneal dialysis were assessed using aggregated data, since these were not collected on an individual level in registers. ▪ Although the proportion of undiagnosed individuals with chronic kidney disease stage 4 or 5 has decreased with time, this group is still underdiagnosed and an unknown number of these patients were missed.
benchmark in terms of the corresponding costs in the general population. Several studies have investigated the burden or costs in patients at different stages of CKD and renal replacement therapy, using different methods and in different settings. [5] [6] [7] The majority of cost studies from Europe and North America of patients on dialysis have reported higher healthcare costs of haemodialysis ranging from 1.0 to 1.9 times the cost in peritoneal dialysis. 5 Similarly, previous studies have reported increasing healthcare use and costs with higher CKD stages, [8] [9] [10] [11] and estimates in patients with CKD that are 2-3 times the cost as compared with controls without CKD. 9 11 Recent studies from Europe, North America and Australia on the burden of CKD and renal replacement therapy with reported annual per patient cost have typically been based on small study samples or by using a modelling approach collecting data from published aggregated estimates. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Only a few studies have used individual data from larger study samples. [8] [9] [10] To the best of our knowledge, no study from the same study population on an individual level has described healthcare use and costs in CKD stages 4 or 5 on dialysis, haemodialysis, peritoneal dialysis or transplanted patients separately, nor has it compared the result to costs in the general population.
The aim of this population-based cohort study was to examine annual costs assessed from Swedish nationwide healthcare registers related to hospital days, outpatient care visits and prescription of drugs in prevalent CKD stage 4 or 5 not on dialysis, peritoneal dialysis, haemodialysis and transplanted patients, and to put these costs in relation to matched general population comparators.
METHODS
In this population-based cohort study, we identified patients in CKD stage 4 or 5 not on dialysis, patients on dialysis and transplanted patients from clinical quality of care registers in Stockholm County and added data from national health registers. By using the personal identity number, a unique number assigned to all Swedish residents, 22 we enriched these data with inpatient and hospital-based outpatient care from the National Patient Register as well as data on dispensed drugs from the Prescribed Drug Register kept by the National Board of Health and Welfare.
CKD and the Swedish National Health Service Sweden had a population of 7.4 million ≥18 years on 31 December 2009 (http://www.scb.se) and comprised 21 counties. Stockholm County was the biggest with 1.6 million inhabitants ≥18 years, accounting for 22% of the population. The Swedish healthcare system was tax funded and offered universal access, while prescription drugs were provided free of charge above a threshold of around €200 annually.
Patients with renal replacement therapy were treated by nephrologists in inpatient and outpatient facilities, 23 rather than by general practitioners, while care for patients with CKD was a mix of mainly hospital-based outpatient care and, to some extent, primary care. The decision to initiate renal replacement therapy was made by nephrologists from clinical evaluations based on the Swedish guidelines 24 originating from the National Kidney Foundation-Kidney Disease Outcomes Quality Initiative (NKF-K/DOQI) guidelines 25 and the corresponding European guidelines. 26 Identification of patients in quality register sources Patients with CKD From the Stockholm County CKD Register, we identified adult prevalent patients with CKD in stage 4 or 5 who were not on dialysis on 1 January 2010 and registered at Karolinska and Danderyd University Hospital in the outpatient setting. This does not include all patients in CKD stages 4 and 5 in the county, as some may get care elsewhere and some remain undetected. Furthermore, patients in CKD stages 1-3B were generally not registered and were for this reason not included in the study. Stages 4 and 5 were defined as an estimated glomerular filtration rate (eGFR) of 15-29.9 and <15, respectively. GFR was estimated using the abbreviated Modification of Diet in Renal Disease equation (MDRD; mL/min/1.73m
2 ) using serum creatinine levels. 27 Individuals with missing eGFR at baseline were excluded from CKD analyses (n=5). Data on albuminuria were incomplete and therefore no analyses by albuminuria status were performed.
Patients on renal replacement therapy Prevalent patients on hospital-based dialysis or with a kidney transplant on 1 January 2010 were identified in the Swedish Register of Renal Replacement Therapy, which includes all adult patients on renal replacement therapy in Stockholm County. 28 29 General population comparators from the Register of the Total Population From the Register of the Total Population held by Statistics Sweden, up to five general population comparators from Stockholm County were sampled and matched on age, sex and index year to each patient (exact matching). The matched comparators received the same index date as did their corresponding patient. Data on emigration and highest attained education were also retrieved from the Register of the Total Population.
The National Patient Register Data on inpatient and hospital-based outpatient care were retrieved from the Swedish National Patient Register in 2009. This register contains the personal identity number, visit/admission date (and discharge date for the inpatient component), diagnostic-related group (DRG) associated with the visit, and main as well as contributory diagnoses coded according to the International Classification of Diseases V.10 (ICD-10). 30 Comorbid conditions were defined as having a visit in inpatient or outpatient care during the past 10 years with a main or contributory diagnosis of the respective ICD codes used (see etable 1).
Hospital days and outpatient visits were converted into costs using the DRG coding system, where clinically similar hospitalisations or outpatient visits are grouped together. The price per DRG is fixed for a specific year, and is a weighted average for all the healthcare services delivered in that group and year. In 2009, the inpatient and outpatient components of the National Patient Register included around 580 and 400 DRG groups, respectively.
The Prescribed Drug Register
From the Prescribed Drug Register, we collected data on dispensed prescriptions in ambulatory care in 2009. Data on in-hospital drug use are not recorded on a patient level in the Prescribed Drug Register. Among other variables, the register includes the personal identity number, date of prescription and dispensation, costs (total cost, patient cost, reimbursed cost), dosage, route of administration, and name as well as the Anatomic Therapeutic Chemical (ATC) code of the drug.
Outcome and follow-up
The main outcome was annual healthcare costs incurred through inpatient and outpatient care, as well as dispensed prescription drugs. Secondary outcomes were annual number of hospital days and outpatient visits. Costs were assessed during 2009 and converted to euros (€1=Kr9.54 Swedish kronor in 2010). Patients were followed in the same health state as when they were identified in 1 January 2010, with estimated annualised costs in those patients who did not have 1 year of follow-up.
Annualised costs
Healthcare use and costs in patients who were not in CKD stage 4 or 5, on dialysis, or did not yet have a kidney transplant on 1 January 2009, and hence were not followed the complete year of 2009 (all patients were identified on 1 January 2010), were annualised from the time of entry into the respective health states. To have enough data available for each patient, we restricted the study population to patients with at least 1 month of follow-up, that is, patients who were exposed on or before 1 December 2009. For example, if a patient started haemodialysis on 1 July 2009, we doubled that patient's healthcare use and costs to achieve an annualised estimate. For transplanted patients who received a kidney transplant in 2009, the cost for the kidney transplant procedure was included. However, costs related to the transplantation procedure were not annualised.
Costs related to haemodialysis visits
As a data quality control, patients on haemodialysis who had <2 registered dialysis visits per week (n=135) in the National Patient Register were scrutinised using the patient registration database at the clinic. In most of these patients, visits that were found in the clinical database and that for some reason were not registered in the National Patient Register were added. In total of 88 (65%) of the scrutinised patients on haemodialysis, we added information from the registration database at the clinic. For a few patients (n=17) with unreasonable few registered haemodialysis visits in the clinical database, visits were imputed. For patients having missing visit data for time periods ≥3 months and where extrapolation was not possible due to few visits (n=14), the number of visits was imputed with 156 haemodialysis visits per year (3 visits/week). In three patients with missing data for time periods <3 months (n=3), the number of visits per week was extrapolated over time for these short time periods.
Costs related to ESA in haemodialysis and fluids in peritoneal dialysis Since the Prescribed Drug Register does not include in-hospital use of drugs, the cost of erythropoietinstimulating agents (ESA) is underestimated in patients on haemodialysis when using this data source. We retrieved data on ESA use in a subsample of patients on haemodialysis (n=85) and calculated the cost using 2009 drug prices in Sweden (http://www.tlv.se). In this subsample, the annual cost per patient related to ESA was estimated at €3911, which we applied to all patients on haemodialysis. Further, the cost of fluids for peritoneal dialysis is also not covered by the Prescribed Drug Register. This cost has previously been estimated at Kr200 000-Kr370 000 (€21 000-€38 800) per patient and year. 31 We used the mid-value (€29 900) in this range and applied it on all patients on peritoneal dialysis.
Statistical analysis
Cost distributions were non-normal in patients in CKD stage 4 or 5, patients on peritoneal dialysis and transplanted patients, but approached a normal distribution in patients on haemodialysis (figure 1). Since the arithmetic mean has been described to be the most informative measure for cost and resource use data, 32 we report the mean annual cost (complemented by the median for descriptive purposes). When comparing costs in CKD stages 4 or 5, peritoneal dialysis, haemodialysis and transplanted patients, and when comparing patients versus their matched general population comparators, annual cost ratios were adjusted for age, sex and diabetes status using a generalised linear regression model with negative binomial distribution, and 95% CIs were estimated using robust SEs. In sensitivity analysis, we fitted a generalised linear model with log-γ distribution, as well as in addition to age, sex and diabetes status adjusted for malignancy, circulatory disease, hypertension, cardiovascular disease, myocardial infarction, stroke and chronic obstructive pulmonary disease (see etable 1).
Statistical analyses were performed using SAS (V.9.3).
RESULTS
A total of 2432 prevalent patients who were alive on 1 January 2010 were included (table 1) . Patients in CKD stage 4 or 5 (n=1046) were on average aged 68 years, while patients on dialysis (n=101 on peritoneal dialysis; n=460 on haemodialysis) were younger (64 and 65 years, respectively), and transplanted patients (n=825) much younger (52 years). All groups were predominantly male, and the education level was broadly similar to that in the general population (see table 1 , etable 2). The vast majority of transplanted patients had complete follow-up through 2009 (93%), while one-quarter of the patients in CKD stage 4 or 5 and patients on haemodialysis did not have the full year of follow-up, and 40% of the patients in the peritoneal dialysis group were also followed for <1 year (table 1) .
Regarding the selected register-identified comorbidities, ∼90% of the patients had circulatory disease history, with about 15% having had a myocardial infarction and 10% a stroke (except transplanted patients; figure 2). Patients in CKD stage 4 or 5 and patients on dialysis were similar, with the exception of a higher prevalence of cardiovascular disease in the group of patients on haemodialysis. The younger transplanted patients displayed lower prevalence, as compared with the patients with CKD and patients on dialysis, for most of the selected comorbidities, but a higher occurrence of malignancies. All groups had similar prevalence of chronic obstructive pulmonary disease as the general population comparators, but displayed higher or much higher prevalence in the other selected comorbidities, including diabetes where more than 30% of patients (except the transplanted group) had diabetes, compared with 6-9% in the matched general population (see etable 2).
Total costs
The highest mean annual cost was observed in the haemodialysis group with €87 600, out of which 71% were accounted for by outpatient care costs (€62 500; figure 3 ; see etable 3). Of the total outpatient care cost, 97% (€60 400) were costs for visits listing dialysis.
Patients on peritoneal dialysis incurred a mean annual cost of €58 600 which was about two-thirds of the cost compared with patients on haemodialysis (adjusted ratio (haemodialysis vs peritoneal dialysis) 1.49, 95% CI 1.38 to 1.60; table 3). The largest cost component in the peritoneal dialysis group was costs related to fluids (€29 900; 51% of total cost), while costs related to inpatient and outpatient care were similar (€11 400 and €10 000, respectively).
In contrast, transplanted patients was the only group where dispensed prescription drugs made up the largest cost component (€6800; 44% of total cost), while the mean annual cost in this group of €15 500 was a fourth of the estimated cost in patients on peritoneal dialysis (adjusted ratio ( peritoneal dialysis vs transplanted) 4.04, 95% CI 3.58 to 4.56; table 3).
Patients in CKD stage 4 or 5 displayed the lowest mean annual costs at €9600, where 45% (€4300) was accounted for by inpatient care. The adjusted mean annual cost ratio for transplanted versus CKD stage 4 or 5 was 1.70 (95% CI 1.51 to 1.92; table 3). This difference was primarily explained by greater use of immunosuppressive drugs but also partly due to more expensive inpatient care among transplanted patients (table 2, figure 3) .
In a stratified analysis on treatment start before or during 2009, similar total cost estimates, as compared with the overall patient group, were observed in patients in CKD stage 4 or 5 and on haemodialysis and peritoneal dialysis, while transplanted patients who received a kidney transplant in 2009 had considerably higher costs (see etables 4 and 5).
In sensitivity analysis, where we in addition to age, sex and diabetes status adjusted for malignancy, circulatory disease, hypertension, cardiovascular disease, myocardial infarction, stroke and chronic obstructive pulmonary disease, similar mean annual cost ratio estimates as compared with the main analysis were observed. Likewise, when we fitted a generalised linear model with log-γ distribution, instead of using a negative binomial distribution, the estimates were similar between the models.
Drug costs Prescription drug costs
The mean annual cost of dispensed prescription drugs was €7400 in the peritoneal dialysis group, €6800 in transplanted patients, €8400 (of which €3911 on ESA) in patients on haemodialysis and €2900 in the CKD 4 or 5 group (table 2, figure 3 ).
Costs related to fluids in peritoneal dialysis
Based on a regional report of dialysis care in southern Sweden, the annual cost of fluids in patients on peritoneal dialysis was estimated at €29 900. 31 Healthcare use Annual hospital days Mean annual hospital days in patients on haemodialysis were 21.4, with the majority of hospital days listing a main or contributory diagnosis for cardiovascular disease (8.2 days) or infection (6.7 days; table 2). Patients on peritoneal dialysis displayed lower overall mean hospital days (16.0), with 5.4 and 2.6 days related to cardiovascular disease and infection, respectively. Transplanted patients and patients in CKD stage 4 or 5 had similar level of inpatient care use with 4.6 and 6.2 annual hospital days, respectively.
Outpatient care
In patients on haemodialysis, 152 out of a mean 159 annual visits were due to dialysis. The corresponding Healthcare use and costs compared with the general population Mean annual healthcare use in the matched general population comparators to CKD stages 4 or 5, peritoneal dialysis and haemodialysis patients were 0.2-0.3 hospital days, 1.8-2.2 outpatient visits and €500-€600 in prescription drug costs, which resulted in a mean annual total cost of €2000-€2400 ( figure 3 ). The corresponding healthcare use in general population comparators matched to the younger transplanted patients was 0.1 hospital days, 1.4 outpatient visits and $400 in drug costs, resulting in a mean annual total cost of €1300.
Compared with their matched general population comparators, the mean annual cost was 45 (95% CI 39 to 51) times higher in the haemodialysis group, 29 (95% CI 22 to 37) times higher in the peritoneal dialysis group, 11 (95% CI 10 to 13) times higher in transplanted patients and 4.0 (95% CI 3.6 to 4.5) times higher in patients with CKD stage 4 or 5 ( figure 3; table 3 ).
DISCUSSION

Principal findings
In this population-based cohort study, we found that CKD stage 4 or 5 and renal replacement therapy are associated with substantial healthcare costs ranging from 4 to 45 times that expected in the general population. With 3.1 visits per week in outpatient care, patients on haemodialysis had the highest healthcare costs (€87 600) with dialysis care making up more than twothirds of the total cost. The total healthcare cost in patients on haemodialysis was about 50% higher than that in patients on peritoneal dialysis, where similar costs of inpatient and outpatient care were observed, while cost of fluids was a major cost driver in peritoneal dialysis (€29 900). The mean annual costs in transplanted patients was €15 500, where prescription drugs constituted almost 50%, and in CKD stage 4 or 5 €9600, with inpatient care making up almost half of the total cost.
Strengths and limitations
The strengths of this study include the population-based data collected from routine clinical care in the Swedish healthcare system where registered individuals in Sweden have universal access. No comorbidity-based inclusion restrictions were used. Instead, we reported comorbidity status among included patients, as well as prescription drug costs in drug groups, and costs of hospital admissions and outpatient visits for specific diagnoses (eg, cardiovascular disease). Furthermore, using individual-level data from several nationwide registers, linked together by using the personal identity number, follow-up was virtually complete regarding outcome data for hospital days, hospital-based outpatient visits and prescription drug cost, as well as data on comorbidities, death and migration. Available registers enabled analysis of healthcare use in CKD stage 4 or 5, as well as in patients on haemodialysis, peritoneal dialysis and transplanted patients during the same year and at the same hospitals using the same data sources. Finally, we had the possibility to match comparators from the general population to each patient as a benchmark for healthcare resource usage.
One limitation was that not all healthcare cost components were included in the available register sources. Fluids used for patients on peritoneal dialysis were not included in the Prescribed Drug Register, and these costs were therefore assessed using aggregated data. 31 Similarly, costs related to ESA for patients on haemodialysis are usually administered in the hospital, resulting in individual-level data for ESA not being recorded in the Prescribed Drug Register. Using a smaller sample of patients on haemodialysis, we could assess the costs related to ESA and apply this estimate to all patients on haemodialysis in the study. Applying these aggregated costs to all patients on peritoneal dialysis (fluids) and Table 3 Adjusted cost ratios* (95% CI) of annualised total costs between patients with CKD stage 4 or 5 not on dialysis, peritoneal dialysis, haemodialysis and transplanted patients, and their matched general population comparators haemodialysis (ESA) will most likely result in smaller variation and overestimated precision of the cost estimates than would have been observed in data including these cost components. Other costs not included were costs related to primary care and certain laboratory services, probably leading to an underestimation of the actual cost. Furthermore, patients on haemodialysis with few registered dialysis visits were scrutinised using the patient registration databases at the clinics. While a few patients for some reason had apparent missing data on dialysis visits also in this system, we imputed data with the mean. However, we cannot know whether haemodialysis visits were missing in the patients who were not scrutinised, which may result in an underestimation of the true haemodialysis cost. Although all patients on renal replacement therapy in Stockholm County were included, and the proportion of individuals with undiagnosed CKD stage 4 or 5 may have decreased with time, some patients are identified at the start of dialysis, or die before identification. An unknown number of these individuals were missed, and our results should only be generalised to patients in CKD stage 4 or 5 in nephrology care. Finally, an important underlying assumption with the methodology used in this study, where a mix of patients with short and long treatment durations was included, is that the proportion of patients starting their treatment has to be constant over time, in this case by calendar year. This assumption is particularly important in transplanted patients who have a high initial cost with the kidney transplant procedure.
Previous research
A recent study from the UK (costs in UK£2011) recruited 7246 patients with CKD or patients who were receiving dialysis in Europe, North America and Australasia, and hospital admissions were recorded every 6 months at clinic visits. 8 It reported a mean hospital cost (drug cost not included) in patients with CKD 4 of £3700, £12 952 in CKD 5, and £20 511 in patients on dialysis. Excluding drug costs, our estimates of €6700 in CKD stage 4 or 5 and €21 400 in patients on peritoneal dialysis are in line with the UK study. Although the majority of patients in their dialysis group were patients on haemodialysis (83%), our cost estimates are higher when combining the haemodialysis and peritoneal dialysis groups (€68 800), mainly due to different methodologies for collecting costs related to dialysis sessions in outpatient care. In our study, we used prospectively recorded visit data from outpatient care, or annualised estimates for those who did not have a full year of follow-up, while they assumed thrice weekly haemodialysis sessions using £25 000 as a per patient annual cost. Our estimated 2.9 dialysis outpatient visits per week (and additional dialysis sessions in inpatient care for some patients), resulted in a substantially higher annual cost of dialysis delivered in the outpatient setting (€60 400), indicating challenges when comparing study results between different healthcare settings.
Cost ratios of haemodialysis and peritoneal dialysis have recently been reported in a comprehensive review including 78 publications from 46 countries. 5 On the basis of 37 studies between 1998 and 2011 from Europe, the authors conclude that haemodialysis is 30-60% more expensive than peritoneal dialysis, while the cost ratio based on five studies from the USA from 2005 to 2012 was estimated at 1.29, results that are less than our estimated ratio (adjusted cost ratio 1.49 (95% CI 1.38 to 1.60)).
Recent estimates (2010) from the USA have reported a mean annual healthcare cost of US$12 386 in patients in CKD 4 (n=413) and US$23 445 in patients in CKD 5 (n=138) using health insurance claims data. 10 These estimates are higher than our result in the CKD 4 or 5 group (€9600). Although both studies used the same eGFR intervals when defining CKD stages 4 5, our result was more similar to their estimated mean annual cost in patients in CKD 3 (US$10 100). The differences appeared to be driven by a 2-3 times higher cost of outpatient care in CKD stages 4 and 5 and 3 times higher cost of inpatient care in patients in CKD 5 in their study, while our drug cost estimates were higher.
Another study from the USA in 2004 reported a mean annual cost in patients in CKD stage 4 (n=777) of US $7600, which was 2.6 times the cost as compared with age-matched and sex-matched controls without CKD, results that are in line with our estimates when restricting the CKD 4 or 5 group to CKD stage 4 only (€8500 and 3.5 times the cost of comparators).
With respect to previous cost estimates from Sweden, a regional study from 2002, based on questionnaires in 136 patients, estimated the per patient mean annual cost related to peritoneal dialysis at US$34 600 and in haemodialysis at US$36 220 during the first 5 years after initiating treatment. 18 When taking inflation into account, our estimates are substantially higher, which may partly be explained by increased costs due to technology development of medical equipment (their estimates were based on data from 1990 to 1993), and by more complete follow-up when using register data. However, when comparing our adjusted mean annual cost ratio of haemodialysis and peritoneal dialysis, the results are similar.
Implications
With the lower cost in CKD stage 4 or 5 as compared with dialysis, our result highlights the importance of good secondary prevention of patients in CKD stage 4 or 5 to postpone or even prevent the progression to endstage renal disease, a strategy that may generate significant savings, while also reducing the risk of mortality among these patients. 
